The present research aims to study the influence of the soil-structure interaction (SSI) and existence or absence of masonry infill panels in steel frame structures on the earthquakeinduced pounding-involved response of adjacent buildings. The study was further extended to compare the pounding-involved behavior versus the independent behavior of structures without collisions, focusing much on dynamic behavior of single frames. The effect of SSI was analyzed by assuming linear springs and dashpots at the foundation level. The infill panels were modeled using equivalent diagonal compression struts. The steel frames were assumed to have elastic-plastic behavior with 1% linear strain hardening. The dynamic contact approach was utilized to simulate pounding between the adjacent buildings. Nonlinear finite element analysis was performed for two adjacent multi-story structures with four different configurations representing cases that can exist in reality. The seismic response of the studied cases generally emphasized that ignoring the soil flexibility and/or the contribution of the infill panels may significantly alter the response of adjacent structures. This may result in a false expectation of the seismic behavior of buildings exposed to structural pounding under earthquake excitation.
Introduction
Earthquake-induced pounding between buildings has been a topic of intensive research for more than three decades. Different approaches were used in the numerical simulations concerning the phenomenon. Basic analyses were conducted using simplified single-degree-offreedom models of structures (see, for example, Anagnostopoulos 1988; Jankowski 2005; Naderpour et al. 2016; Miari et al. 2019) . Other studies were carried out applying discrete multi-degree-of-freedom models with masses lumped at each floor level (see Anagnostopoulos and Spiliopoulos 1992; Maison and Kasai 1992; Karayannis and Favvata 2005a, b; Jankowski and Mahmoud 2016) .
Further investigations concerned more accurate models of buildings. Abdel Raheem (2006) studied impacts between two adjacent moment resisting frames. Papadrakakis et al. (1996) employed finite element models of colliding structures, in which floors were modeled using single four-node plane stress elements while the behavior of walls was simulated by four linear beam-column elements. More detailed nonlinear finite element analyses of pounding between two adjacent structures were also conducted (see Sołtysik and Jankowski 2013; Jankowski and Mahmoud 2015) . More recently, detailed nonlinear finite element analyses were carried out between three adjacent structures in series to study the effect of the reciprocal pounding on the behavior of each building (see El-Khoriby et al. 2015a, b; .
Structural engineers often ignore the influence of soil flexibility in the seismic design. The consideration of fixed-base foundation may be logical in highly stiff soils, whereas in other cases, the flexibility of the soil causes reduction in the global stiffness of the structural system (Wakabayashi 1985) which leads to an increase in the deformation and the total damping due to radiation damping in the soil (Wolf 1985; Beskos et al. 1994) . Minasidis et al. (2014) investigated the effect of the dynamic soil-structure interaction (SSI) on the inelastic behavior of steel frames under different near-fault seismic motions. The results reveal that the soil flexibility significantly affects the seismic behavior of the steel frames, it increased the maximum ratios of the inter-story drifts and decreased the floor accelerations.
Very limited number of investigations focused on the effect of coupling between the soil flexibility and the earthquake-induced pounding between adjacent buildings. Rahman et al. (2001) studied the influence of both SSI and structural pounding on two adjacent reinforced concrete structures with 6 and 12 stories. The mass-damper-spring system proposed by Mulliken and Karabalis (1998) was used to model the soil effect. The results showed that, the soil flexibility increases the pounding force at all levels. Chouw and Hao (2005) investigated the effect of the spatial distribution of the seismic excitation and the influence of the soil flexibility on the pounding-involved response of two adjacent bridge frames. The study indicated that ignoring the influence of the SSI may cause a wrong prediction of the behavior of colliding bridge girders. Chouw and Hao (2008) studied the effect of the SSI and spatial distribution of the ground excitation on bridge behavior incorporating collisions. The conclusion of the study emphasized that stiff base structures may be exposed to higher pounding forces as compared to those on flexible base. Mahmoud et al. (2013) studied the effect of the soil flexibility on pounding between two equal height adjacent buildings. The results indicated that the soil flexibility may significantly affect the pounding-involved response of the more flexible building. Madani et al. (2015) discussed the effects of the SSI on the inelastic response of adjacent steel structures with a number of stories varied between 3 and 12. The study showed that the SSI considerably increases the values of pounding forces and leads to collisions even for larger gap distances. Kharazian (2017) studied the influence of the SSI on pounding between 3 and 5 story RC structures. The results showed that SSI has significant influence on the pounding-involved structural response during earthquakes. Li et al. (2017) studied the seismic pounding considering the structure-soil-structure interaction effect (SSSI) for a practical project considering pile foundation, box foundation and rigid foundation conditions. A three-dimensional finite element model was constructed utilizing ANSYS software. The results showed that pounding and SSSI effects worsen the adjacent buildings' conditions because pounding amplifies their shear responses and accelerations. Despite these limited studies described above, all other investigations, which were focused on earthquake-induced structural pounding, ignored the flexibility of the soil.
During the process of designing different types of frame structures, engineers often treat masonry infill panels as non-structural elements. Meanwhile, recent specifications and building codes emphasize the importance of considering the effect of infill panels, since it may have a considerable influence on the behavior of the structure under seismic excitation. In particular, FEMA 356 (2000) underlines that masonry infill walls should be treated as primary elements of the structural system.
A number of studies were focused on the influence of infill panels on the structural response during earthquakes (Zhang 2006; Nwofor 2012) . Sanij and Alaghebandian (2012) carried out pushover analysis on masonry infilled frame by using three macro models in order to simulate the nonlinear response of infill panels. Pounding between two adjacent multi-story RC unequal height structures was investigated by Favvata et al. (2012) taking into account the contribution of infill panels modeled as equivalent diagonal struts according to FEMA 273 (1997) . The influence of inelastic response of external beam-column joints on collisions between unequal height buildings with infill panels was also investigated by Favvata et al. (2009) . Karayannis et al. (2011) studied the effect of external beam-column joints on the mechanics of collapse in multi-story structures using the equivalent diagonal strut model to simulate the behavior of infill panels. Favvata and Karayannis (2013) studied the influence of inter-story seismic pounding on the response of infilled RC structures under seismic excitation. A numerical analysis on the effect of masonry infills on the seismic response of RC structures was conducted by Demir and Sivri (2002) . The results indicated that the existence of infill panels significantly modifies the general seismic performance of frame buildings by enhancing the integrity and stability of the frames. A technique for modeling the interface between infill and frame was proposed by Dorji and Thambiratnam (2009) . The gap element was used as an interface element between the frame and masonry wall. Karayannis et al. (2005) analytically investigated and experimentally verified the effect of infill panels on the lateral response of RC frames. The experimental results indicated that the initial stiffness of infilled frames was considerably increased (by about 2.88 times), as compared to bare frames.
It should be underlined that the research available in the literature has been conducted to study separately either the SSI effects, or the infill effects, on the seismic pounding of adjacent buildings. According to the author's knowledge, no research has been devoted to cover both effects simultaneously. Therefore, the present research aims to study the effects of infill panels combined with the SSI effects on the earthquake-induced structural pounding between neighboring structures. Four different structural cases were utilized to simulate scenarios that may exist during construction stages of adjacent buildings. The study was further extended to compare the pounding-involved behavior versus the independent behavior of structures without collisions, focusing much on dynamic behavior of single frames.
Finite element model
Two adjacent steel structures with 30 mm seismic gap and 5% damping ratio were considered in the current study. While the structures were selected to simulate actual existing adjacent buildings, they were simplified to single-bay and two-bay multi-degree-of-freedom systems (see Fig. 1 ). It should be mentioned that the effect of pounding on the global seismic responses of adjacent structures is expected to be more severe when the vibration characteristics of the structures are quite different. Therefore, the masses and stiffness were adjusted to simulate the existing buildings with considerably different natural vibration periods. They were designed according to AISC 360-10 (2010) as well as UBC (1997) for z = 0.15, R = 4.50 and I = 1.0. The height of each story was 3.0 m for both buildings. The structures were composed of HSS139.7X4 steel sections. Each floor had 15 cm thickness concrete slab with weight of 0.35 t/m 2 . The concrete slabs were extended outside the structures by 1.0 cm to ensure that collisions occur between two concrete surfaces.
Four different cases of configurations were considered in the current analysis (see Fig. 1 ). Case (1) is the case of bare frames, where infill panels does not exist (this case represents buildings under construction). On the other hand, Case (2) represents the case of fully infilled frames. Moreover, Case (3) and Case (4) represent different arrangements of fully infilled and bare frame structures (they represent the case of a building under construction besides an existing fully infilled building). The influence of SSI on the poundinginvolved response was considered in the analysis. For comparison, the rigid foundation was also considered in all cases and modeled using the fixed base assumption. The modal analysis was conducted to obtain the natural vibration periods of the buildings under investigation (see Table 1 ).
ADINA (2010) software was utilized to carry out two-dimensional non-linear finite element analysis. The direct integration method was used to solve the dynamic equation of motion. Buildings under study were exposed to different earthquake records. Due to limitation of the space, the representative results for the chosen ground motion records are shown in this paper [first three ground motions listed in Table 2 for all cases and, additionally, two last ground motions listed in Table 2 for Case (4)]. It should be underlined that the selected earthquake records possess different properties, such as peak ground acceleration, duration of strong motion and ranges of dominant frequencies, and therefore have different influences on structures. The P − ∆ effect was considered in the analysis and the dynamic contact surface model was utilized to represent the pounding mechanism. In such mechanism, no connecting elements are used; only contactor surface and target one are defined (see ADINA 2010; Elwardany et al. 2017 as well as Bathe and Chaudhary 1985 for more details about the model). The model enables us to consider some local effects, such as inelastic flexural deformations, yield of the flexural reinforcement and ductility requirements of the columns adjacent to the pounding area (see also Jankowski and Mahmoud 2015 for more details about other possible ways of modeling of contact in problems of earthquake-induced structural pounding).
The material of the steel frames was assumed to behave as elastic-plastic with 1% linear strain hardening according to Eurocode 3 (2006) (see Fig. 2 ). The equivalent diagonal strut used by Elwardany et al. (2017) was utilized in the current study to simulate the effect of the infill panels (see Figs. 3, 4) . Moreover, the properties of the masonry used by Sanij and Alaghebandian (2012) were also used in the current study (see Table 3 ).
The width of the compression strut was determined according to FEMA 356 (2000) and FEMA 273 (1997) as (see also Fig. 3) (1) a = 0.175 λ 1 h col −0.4 r inf whose tangent is the infill height-to-length aspect ratio (in radians) and λ 1 is the coefficient used to determine equivalent width of infill strut.
In the lateral load case, the infill panel was considered to be diagonally loaded. Accordingly, the Young's modulus E θ of the panel in the diagonal direction was obtained using the constitutive relations of orthotropic plates and axes transformation matrix as (Shames and Cozzarelli 1997) where E 0 is the Young's modulus in the direction parallel to bed joints and υ 0-90 stands for the Poisson's ratio defined as the ratio of the strain in the direction normal to the bed joints and the strain in the direction parallel to the bed joints.
For masonry, the simplified tri-linear stress-strain relationship, shown in Fig. 4a , was used (for more details see El-Dakhakhni et al. 2004) , where the secant Young's modulus at the peak load, E p , can be calculated as ε p can be determined after obtaining E p and f′ m-θ , where ε 1 and ε 2 can be determined from the following relations where ε u = 0.01.
The masonry infill was modeled in ADINA using the truss element with compression force only and the masonry tensile strength was ignored. Figure 4b shows the response of the equivalent strut. When the strain in the strut reaches ε 2 (see Fig. 4a ) the strut is assumed to rupture, the corresponding element is removed from the model and the degrading branch is ignored.
In the current study, a sandy clay soil was considered. According to Bowles (1997) , the dynamic shear modulus equal to 20 MPa, the Poisson's ratio equal to 0.4 and the shear wave velocity, V s = 100 m/sec were considered. The shear wave velocity was estimated using the equation
The contribution of the soil flexibility was modeled using springs and dashpots (see Gazetas 1991; Mahmoud et al. 2013; Minasidis et al. 2014; Madani et al. 2015) . The static stiffness of springs in each direction was firstly determined using the following equations developed by Gazetas (1991) (3) where x = A b /4L 2 ; A b is the area of the foundation; L is the foundation half-length; B is the foundation half-width, G is the shear modulus, υ is Poisson's ratio and I by is the moment of inertia with relation to the lateral axes. Then, the dynamic stiffness of springs in each direction was calculated as the product of the static stiffness times the dynamic stiffness coefficient, as suggested by Gazetas (1991) . Damping was simulated using dashpots with the dashpot coefficient, C, calculated for both radiation and material damping generated in the system according to equation (Gazetas 1991) where the term 2βK′/ω is the material dashpot constant. The radiation dashpot coefficient, C, may be calculated for each direction as (Gazetas 1991) where C ′ z and C ′ ry are the dimensionless damping factors, V s and V La are the velocity of the shear-wave and Lysmer's analog wave velocity. Table 4 lists the results obtained for the estimated parameters for the simulation of the soil flexibility for Northridge earthquake.
Results and discussions

Independent vibrations of bare and fully infilled frames for rigid foundation and SSI cases
To get an insight into the behavior of different structures, the analysis was performed considering the independent behavior of each building under different earthquakes with the assumption that no pounding occurs. For the bare frames (BF), considering the flexibility of the soil results in the slight increase in the natural periods of the buildings, as it can be seen from Table 1 . It should be underlined in this place, however, that lengthening of the period of independently vibrating structures incorporating SSI is a well-known fact. Moreover, the general trend for the analyzed case of bare frames shows minor reduction in the peak acceleration for both buildings when the SSI is considered, as compared to the rigid base case (see Fig. 5 ). Moreover, considering the SSI slightly increases the peak displacement of the buildings and the maximum increase reaches about 15% at the 1st floor of (13) the right building under the El Centro earthquake (see Fig. 6 ). Generally speaking, for bare frames, SSI causes minor increase in the displacement associated with minor reduction in the acceleration responses. This complies with NEHRP (2012) giving a relative measure for determining the SSI effects when they become significant. This relative measure is the structure-to-soil stiffness ratio, h/(V s T), where h is the effective height to the center of mass for the first mode shape which may be taken as two-thirds of the modeled building height; V s is the shear wave velocity and T is the fixed-based building period. It is stated that, if h/(V s T) > 0.1, SSI can significantly lengthen the building period and modify the distribution of forces and deformation demands within the structure. Applying this structure-tosoil stiffness ratio to the bare frame case, gives h/(V s T) = 0.063 which is less than 0. Fig. 6 Peak displacement for the independent vibrations of the bare frames means that no significant elongation of the building period will occur and consequently, no significant difference in the seismic behavior will take place. It should be emphasized that this criteria is valid only for the independent vibrations of buildings and the contribution of pounding may change this rule. For the fully infilled frame (FI), taking the soil flexibility into account leads to the significant increase in the natural periods of buildings (see Table 1 ). This is in agreement with NEHRP (2012), as the value of h/(V s T) in this case is equal to 0.396 and 0.353, for the left and right building, respectively, which is far greater than 0.1. This greatly alters the seismic response of the independent vibrations of buildings. The change of the response due to SSI will depend on the location of the shifted period in the response spectrum curve of each specific earthquake. The maximum difference in the acceleration (equal to 88.15%) is observed at the 3rd floor of the right building under the Loma Prieta earthquake (see Fig. 7 ). Figure 8 shows the maximum displacement values for both buildings. The results show that, considering the SSI results in the significant increase in the peak displacements of both buildings under the three earthquakes. The maximum increase reaches about 139% at the 3rd floor of the right building under the Loma Prieta earthquake, whereas it reaches 79.55% at the 2nd floor of the left building under the Northridge earthquake (see Fig. 8 ). It can be stated that for fully infilled frames, SSI causes moderate to significant increase in the peak displacement associated with minor to moderate increase or reduction in the peak acceleration with no specific trend, depending on location of the shifted period on the response spectrum curve. Table 5 shows the maximum strains of the steel columns of the buildings under different earthquakes. In the case of bare frames, both buildings behave plastically when they vibrate independently. This is due to the large displacement values associated with the bare frames (refer to Fig. 6 ). Considering the SSI considerably affects the strains in the steel frame columns. The maximum increase reaches 16.62% for the right building under the El Centro earthquake, whereas the maximum reduction reaches 30.86% for the left structure under the El Centro earthquake. The maximum strain was observed in the left building Fig. 7 Peak accelerations for the independent vibrations of the fully infilled frames under the Loma Prieta earthquake. On the other hand, for the fully infilled frames, the buildings behave elastically with no plastic strain observed, except for the right building with rigid base under the Northridge earthquake where the strain in the columns of the first floor exceeds the elastic limit by about 13.40%.
The ratios of the ductility demand, interstory drift and peak story shear of the buildings under different earthquakes (independent vibrations case) are presented in Table 6 . The table shows that, for almost all cases, the ductility demand for all stories did not exceed the available one except for two cases with a maximum value of only 4%. These two cases occurred at the left building under the effect of the Loma Prieta earthquake. This is attributed to the location of the fundamental period of this building at a high acceleration level on the response spectrum of the Loma Prieta earthquake. It is also observed that, for the all examined cases, the interstory drift did not exceed the standard allowable limits which is 0.025 times the story height for structures with natural period less than 0.70 s and 0.02 (1997) . Regarding the story shear, Table 6 shows that, for bare frame buildings, the story shear reached the yield strength for almost all cases, except for the four elastic cases shown in the table. On the other hand, the infilled frame buildings behaved elastically, except for the first story of the right building with rigid base under the Northridge earthquake where µ reached 0.85. Figure 9 shows the stress-strain relationship of the strut of the first floor of the right building under the Northridge earthquake for the rigid base case. The results indicate that the strain in the infill exceeds the elastic strain limit by about 15.57%. On the other hand, when the SSI is considered, the strain in the infill is decreased by about 36.40%, as compared to the rigid base. For this case, the strain is maintained in the infill within the elastic range. Also, for all other cases, no plastic strain was observed in the infill.
Comparison between pounding-involved versus independent vibrations of bare frame buildings without SSI
This comparison between pounding-involved (PO) versus independent vibrations (ID) of bare frame buildings without SSI was conducted in order to clarify the influence of collisions between adjacent buildings on the response of each structure. Substantial increase in the displacement response of the right building (the more flexible one) in the outward direction, associated with minor to moderate decrease in the displacement in the inward direction, is observed due to pounding (see Fig. 10 ). The maximum absolute increase in the displacement reaches 47.86%, 78.17% and 18.31% under the El Centro, Loma Prieta and Northridge earthquakes, respectively. On the other hand, collisions caused moderate reduction in the displacement response of the more rigid left building in the inward direction, whereas no significant change in the outward direction was observed. Figure 11 shows the peak acceleration values for both buildings. It is observed that pounding results in the increase in the acceleration values for both buildings. For the left building, the peak acceleration increased 11.27 and 10.62 times for the El Centro and Loma Prieta earthquakes, respectively. Moreover, the peak acceleration for the right Wo/SSI SSI Fig. 9 Stress-strain curve for the first floor masonry of the right building building increased 25.8 and 12.93 times for the El Centro and Loma Prieta earthquakes, respectively. Under the effect of the Northridge earthquake, collisions highly increased the peak acceleration values for the left and right buildings (32 times and 19 times, respectively). This behavior may be due to the large value of collision force that occurred during the Northridge earthquake (it reached 59.4 tons at the 2nd story). This significant collision Fig. 11 Peak accelerations for the pounding-involved and independent vibrations of bare frame buildings without SSI force resulted in a strain in the upper part of the steel column of the 2nd floor of the left building (the point is located directly under the impacted surface) that exceeded the ultimate strain. This resulted in a local failure of the steel column; consequently the run was terminated at this stage. It can be stated that pounding increases the displacement of the more flexible building in the outward direction and decreases the displacement of the more rigid structure in the inward direction. Pounding also causes significant increase in the acceleration at the locations of collisions.
Comparison between pounding-involved versus independent vibrations of bare frame buildings with SSI
In the next stage of the study, the flexibility of the soil was considered for the bare frame buildings. Comparison between the pounding-involved and independent vibrations clearly indicates that pounding significantly affects the responses of both buildings. It resulted in the increase in the peak acceleration of the left building (more rigid one) 13, 13 and 11 times, as compared to the no pounding case for the El Centro, Northridge and Loma Prieta earthquakes, respectively. On the other hand, the right building (more flexible one) was influenced by pounding even more significantly. Its peak acceleration increased 27, 14 and 12 times, as compared to the no pounding case for the El Centro, Loma Prieta and Northridge earthquakes, respectively (see Fig. 12 ). Figure 13 shows the displacement time history of different floors for both structures under the Loma Prieta earthquake. It can be seen from the figure that the left building behaved plastically during independent vibrations and a permanent displacement towards the inward direction occurred. Collisions affected the displacement response of both buildings. They caused both buildings to behave plastically with permanent displacement Fig. 12 Peak accelerations for the pounding-involved and independent vibrations of bare frame buildings with SSI towards the outward directions. Generally speaking, the induced pounding resulted in the decrease in the peak displacement of the 1st and 2nd floor of the left building by 30.3% and 14%, respectively. On the other hand, it increased the peak displacement of the 1st, 2nd and 3rd stories of the right building by 73%, 95.5% and 70.50%, respectively. Impact forces between the two adjacent stories of the left and right buildings under the effect of different earthquakes were observed. Generally, the impact forces are larger at the 2nd story level and a large number of impacts occur. For the Northridge earthquake, however, impacts are observed only at the 2nd story level (see Fig. 14) . Figure 15 shows the strain time history of the steel columns of the left and right building for the independent and pounding-involved vibrations. It can be seen from Fig. 13 Displacement time histories for pounding-involved and independent vibrations of bare frame buildings with SSI under the Loma Prieta earthquake the figure that pounding between the adjacent buildings resulted in the increase in the maximum strain in the steel columns of the left and right building under the El Centro earthquake 1.25 and 2.5 times, respectively, as compared to the no pounding case. Moreover, it increased the maximum strain in the steel columns of the right building 2.8 and 3.5 times for the Loma Prieta and Northridge earthquakes, respectively. It also decreased the maximum strain in the steel columns of the left building under the Loma Prieta and Northridge earthquakes by 41% and 23.8%, respectively. 
Comparison between pounding-involved versus independent vibrations of infilled frame buildings with and without SSI
For the pounding-involved case, when the flexibility of the soil is neglected, it is found that the adjacent buildings vibrate independently under the effect of the three ground motions and no pounding was observed. The peak displacement of the 1st story reached 3.41, 7.17 and 14 mm and the corresponding values for the 2nd story are 6.95, 14.3 and 28.0 mm for the El Centro, Loma Prieta and Northridge ground motions, respectively. It is also worth mentioning that these values are smaller than 30 mm which is the seismic gap between the adjacent buildings. On the other hand, considering the flexibility of the soil increased the displacements of the independent vibrations for both buildings. As a result of this increase, pounding between the 2nd stories of the adjacent structures under the effect of the Loma Prieta and Northridge ground motions was observed. It caused significant increase in the accelerations at the locations of collisions. For example, it increased the peak acceleration of the left building 2.0 and 4.80 times for the 1st and 2nd story, respectively, under the effect of the Loma Prieta earthquake. Moreover, it increased the peak acceleration for the 1st and 2nd story of the left building 2.5 and 7 times, respectively, under the effect of the Northridge earthquake (see Fig. 16 ). Collisions also increased the peak acceleration of the 1st and 2nd floor of the right building 2.15 and 3.70 times, respectively, under the Loma Prieta earthquake. It also increased the peak acceleration of the 1st and 2nd floor of the right building under the Northridge earthquake 3.56 and 8.54 times, respectively, as compared to the no pounding case. It should also be mentioned that no pounding was observed for the buildings under the effect of the El Centro earthquake, where the peak displacement of the left building reached 2.57 and 4.57 mm for the 1st and 2nd story, respectively, while it reached 5.18 and 10.2 mm for the 1st and 2nd floor of the right building, respectively. These values are also smaller than the 30 mm gap distance.
Although collisions substantially amplified the accelerations, as mentioned above, the displacement response of the left building is nearly unaffected by pounding, while the right building was only slightly affected (see Fig. 17 ). It is also worth mentioning that both buildings behaved elastically and no plastic strains were observed neither in the steel columns nor in the masonry infill. Fig. 17 Peak displacements for the pounding-involved and independent vibrations for infilled frame buildings with SSI 1 3 Figure 18 shows that, under the effect of the El Centro earthquake, the incorporation of SSI in the analysis increased the peak absolute acceleration of the 1st floor of the left and right building by 2.84 and 3.26 times, respectively, as compared to the fixed base case. On the other hand, no significant adverse effect was observed for other floors. Moreover, the results reveal that pounding occurred between the adjacent stories of both structures. It was observed that considering SSI results in an increase in the pounding forces for both stories with different values, i.e. a peak pounding force of only 6.5 ton was observed at the 1st floor for the rigid base case, while the value of 15.30 ton was recorded for the case of flexible soil. On the other hand, only a minor increase of 4.44% was observed for the peak pounding force at the 2nd story. For the Loma Prieta earthquake, pounding was observed for both cases for the 1st and 2nd floors. Considering the SSI leads to an increase in the peak pounding force for the 1st story by 77%, whereas it results in a slight decrease (by about 7%) in the pounding force for the 2nd story. Moreover, it increased the peak acceleration for the 1st story for two buildings by about 47%. On the other hand, it decreased the peak acceleration of the 2nd story for the left and right building by 17% and 19%, respectively. Under the Northridge earthquake, both rigid and flexible base frames experienced pounding between the 2nd stories and no pounding occurred between the 1st stories. The incorporation of SSI decreased the peak pounding force by about 44%. Moreover, it decreased the peak acceleration of the 2nd story of the left building by about 61%; and decreased the peak acceleration of the 2nd and 3rd story of the right structure by 40% and 85%, respectively. On the other hand, no significant reduction was observed for the 1st stories of both buildings (see Fig. 18 ). Figure 18c shows also a significant difference in the acceleration levels between the rigid base and the flexible base case, especially at the 2nd floors of the left and right buildings where collisions occur. Fig. 18 Peak accelerations for the pounding-involved Case (1) behavior of both cases it was found that this effect is caused by very high pounding forces that occurred in the rigid base case (1.8 times larger than that for the flexible base case). These collisions resulted in large strains in the left building with fixed base which exceeded the ultimate strain. This extremely high strain caused local failure in the 2nd floor columns of the left building with rigid base and resulted in peak acceleration as high as 2.6 times larger than that of the SSI case. Table 7 shows the maximum strains of the steel columns for the two buildings for the rigid foundation and SSI responses. It is observed that, for all earthquake excitations, the two buildings behaved plastically. As a general trend, considering the SSI reduced the inelastic response of the two structures under all considered excitations. For instance, under the El Centro earthquake, the inelastic response of the left and right building decreased by about 20% and 7%, respectively. Moreover, for the Loma Prieta earthquake, the inelastic response of the left building decreased by about 10%. On the other hand, no significant effect was observed for the right building. A significant reduction in the plastic strain of the left and right buildings was observed under the Northridge earthquake. It is obvious that the contribution of SSI has a considerable effect on the decrease in the ductility demand of the steel buildings.
Comparison between pounding-involved responses of bare frames with and without SSI (Case 1)
Comparison between pounding-involved responses of fully infilled frames with and without SSI (Case 2)
In the next stage of the investigation, the influence of contribution of the flexible base on the response of fully infilled frames was studied and compared with the results of rigid base. It is noticed that, for the case with rigid base, no collisions between the buildings was observed when buildings behaved independently during different earthquakes. This is attributed to the limited displacement values due to existence of infill. On the other hand, for the case of flexible base, pounding was observed at the 2nd story under the Loma Prieta and Northridge earthquakes only. This resulted in an increase of the acceleration in all floors (reaching the peak at the 2nd floor of the left building) by about 787% and 778.6% for the Loma Prieta and Northridge earthquake, respectively, as compared to the rigid base case (see Fig. 19 ). For the rigid base case under the Loma Prieta earthquake, no pounding was observed between the adjacent buildings. The incorporation of SSI increased the displacements of buildings. Accordingly, pounding between the 2nd floors of the buildings was observed (see Fig. 20b ). For the flexible base case, the peak displacement of the 1st and 2nd floor for the left building increased by 62.69% and 63.16%, respectively, and the peak displacement of the 1st, 2nd and 3rd floor of the right building increased by 131.52%, 124.96% and 139.18%, respectively. Under the El Centro earthquake, for which pounding was not observed, minor decrease in the peak acceleration response occurred at the 1st and 2nd floor of the left building (by 10% and 18%, respectively). For the right building, however, SSI increased the peak acceleration of the floors (1st, 2nd and 3rd) by about 17.6%, 26.7% and 30.4%, respectively (see Fig. 19 ). It can be concluded that generally, the inclusion of SSI in the analysis increased the peak displacement of buildings and consequently increased the peak acceleration significantly if pounding occurs. Figure 20a shows the peak displacements for the pounding-involved response for the El Centro earthquake. It can be noticed that the contribution of the soil flexibility in the analysis increased the peak displacement of all floors for the two buildings. This notice seems logical, because the insertion of the soil flexibility increased the natural period of the buildings (see Table 1 ) and, consequently, increased the overall flexibility of buildings. The peak displacement of the 1st and 2nd floor for the left building increased by 25.40% Fig. 20 Peak displacements for the pounding-involved Case (2) and 29.46%, respectively, while the peak displacement of the 1st, 2nd and 3rd floor of the right building increased by 51.90%, 46.47% and 49.39%, respectively. Moreover, due to the overall limited displacements, no plastic response was observed for both buildings. It can be noticed that no pounding was observed between the buildings for both cases (with and without SSI).
For the rigid base case under the Northridge earthquake, no pounding between the adjacent buildings was observed. The incorporation of SSI increased the displacement of buildings which resulted in the occurrence of pounding between the 2nd floors (see Fig. 21 ). For the flexible base case, the displacement of the 1st and 2nd floor for the left building increased by 73.47% and 79.55%, respectively, while minor increase in the displacement of the 1st, 2nd and 3rd floor of the right building (by 10.24%, 0.93% and 7.91%, respectively) was observed. Figure 22 shows the stress-strain relationship of the 1st floor columns of the right building under the effect of the Northridge earthquake. For the fixed base case, plastic behavior of the columns was observed and the strain in the columns exceeded the yielding point by 13.39%. Moreover, at about the tenth second, the strain of the infill panel at the 1st floor exceeded its elastic strain limit by about 15.56% (see Fig. 23 ). On the other hand, considering the soil flexibility kept both the columns and the infill of the right building in the elastic stage.
The general behavior of the infilled frames can be summarized as following. Taking SSI into consideration elongates the natural structural period and hence increases the displacements. If the increased displacements result in pounding, significant increase in the accelerations at the locations of collisions will take place. 
Comparison between pounding-involved responses of frames with and without SSI (Case 3)
This case considers that the left building is fully infilled while the right building has no infill walls (refer to Case (3) in Fig. 1) . The results reveal that, considering the flexibility of the soil generally decreases the peak absolute acceleration of both floors of the left building under the effect of the three ground motions, except for the 2nd floor under the Loma Prieta earthquake where an increase of 25.15% was observed (see Fig. 24 ). This is because considering SSI decreased the pounding force by 15.80% and 8.10% for the El Centro and Northridge earthquakes, respectively. On the other hand, it increased the pounding force by 33.4% for the Loma Prieta earthquake where pounding between the two buildings was observed only at the 2nd floor level. Considering SSI also caused a minor to moderate change in the peak acceleration of the right building (see Fig. 24 ). The maximum percentage of reduction reached 15.79% and 14.93% at the 2nd floor under the El Centro earthquake and at 3rd floor under the Northridge earthquake, respectively. On the other hand, the maximum increase reached 16.55% at the 2nd floor under the effect of the Loma Prieta earthquake. Figure 25 shows the peak displacements of the left and right buildings under the effect of different earthquakes. The incorporation of SSI in the analysis increased the displacement of each floor in a different way. While minor increase was observed for both buildings under the El Centro earthquake, moderate increase was observed for both the Loma Prieta and Northridge earthquakes. Considering the SSI increased the displacement of the 1st and 2nd floor of the left building by 28.68% and 20.95%, respectively, under the Loma Prieta earthquake as well as by 73.46% and 79.55%, respectively, under the Northridge earthquake. For the right building, the maximum increase in the displacement reached 23.19% at the 1st floor for the Loma Prieta earthquake and 14% at the 2nd floor for the Northridge earthquake. Generally speaking, taking SSI into consideration has minor to moderate effect on displacement or acceleration responses without specific trend.
The results show that the steel frame of the left building behaved elastically under the effect of the three ground motions for both cases (with and without SSI). The consideration of SSI decreased the strain of the steel frame of the left building by 28.13% and 4% under the El Centro and Loma Prieta earthquakes, respectively, while it increased the strain of the left building by 27.12% under the Northridge earthquake. No plastic strain was observed in the infill. The flexibility of the soil decreased the strain in the brick by 26.25% and 9.78% under the effect of the El Centro and Loma Prieta earthquakes, respectively. On the other hand, it increased the infill strain by 15.26% for the Northridge earthquake. Figure 26 shows the strain time history of the steel columns of the right building under different earthquakes. The results show that plastic strain occurred in both cases (with and without SSI). For the right frame without SSI, the strain in the steel columns exceeded the elastic strain limit by 6.12, 11.87 and 1.46 times under the El Centro, Loma Prieta and Northridge earthquakes, respectively. Consideration of the flexibility of the soil decreased the strain by about 9% and 8.5% under the El Centro and Northridge earthquakes, respectively; and increased the strain by about 22.74% under the effect of the Loma Prieta earthquake.
Comparison between pounding-involved responses of frames with and without SSI (Case 4)
This case considers the right building fully infilled by masonry, while the left building has no infills (refer to Case (4) in Fig. 1 Table 8 . Moreover, Figs. 27, 28, 29, 30 and 31 show the obtained results for the case of 3 cm gap distance. Figure 27 shows the resulting pounding forces. It can be seen from the figure that considering SSI increased the pounding force between the adjacent 2nd floors of buildings from 299 kN (without SSI) to 336 kN (with SSI) under the El Centro earthquake. No pounding occurred for the 1st floors of the rigid foundation case and a slight impact of only 6 kN was observed for the SSI case. Under the effect of the Loma Prieta earthquake, considering SSI resulted in the increase in the pounding force for the 1st floors from 30 kN (without SSI) to 68 kN(with SSI) and in the increase in the pounding force of the 2nd stories from 559 kN (without SSI) to 641 kN (with SSI). Under the effect of the Northridge earthquake, the SSI also increased the impact force of the 1st floors from 37 kN (without SSI) to 60 kN (with SSI) and decreased the impact force of the 2nd floor from 225 kN (without SSI) to 198 kN (with SSI). For the Kobe earthquake, no pounding occurred at the 1st floor while the pounding force was equal to 179 kN for rigid base and was reduced to 159 kN for the SSI case. Finally, for the San Fernando earthquake, taking SSI into consideration increased the pounding force at the 1st floor from 46 kN to 71 kN and also increased the pounding force at the 2nd floor from 302 kN to 368 kN. Figure 28 shows that incorporation of SSI resulted in the increase in the peak accelerations of the three floors of the right building under the effect of the El Centro, Loma Prieta and San Fernando earthquakes. The maximum increase reached 21.59% at the 2nd story and 53.63% at the 3rd story under the effect of the San Fernando earthquake. SSI also increased the acceleration of the 1st and 2nd floor of the left building by 46.58% and 25.24% under the San Fernando earthquake. On the other hand, it decreased the acceleration of the 1st floor of the left building by 10.54% and 16.43% for both El Centro and Loma Prieta earthquakes, respectively. On the contrary to the El Centro and Loma Prieta earthquakes, considering the flexibility of the soil under the Northridge earthquake, resulted in the decrease in the peak acceleration of the 2nd and 3rd floor of the right building by 36% and 39.9%, respectively. Moreover, it decreased the peak acceleration of the 2nd floor of the left building by 31.56%, whereas it increased the peak acceleration of the 1st floors of the left and right buildings by 118.79% and 8.86%, respectively. For the Kobe earthquake, considering the flexibility of the soil decreased the peak acceleration of the 2nd floor of the left structure as well as the three floors of the right building with a maximum reduction of 36.55%. Figure 29 shows the peak displacements of the two buildings under different earthquakes. Considering the SSI generally increased the peak displacement of both buildings under almost all earthquakes. While there was a slight increase in displacement of the 1st and 2nd floors of the left building, there was a significant increase in displacements of the floors of the right building. The maximum increase in the peak displacement reached 168.58%, 148.53% and 138.40% for the 3rd, 1st, and 2nd floor, respectively under the Kobe earthquake.
Generally speaking, taking SSI into consideration has a minor to moderate effect on displacement or acceleration responses without specific trend. Moreover, it increases the chance of pounding occurrence for almost all cases.
The strain time history of selected steel columns for the case of 3 cm gap distance is shown in Fig. 30 . For the left building, plastic strain was observed in both cases (with and without SSI). For the rigid base case, the strain in the steel columns exceeded the elastic strain limit for all cases with a maximum of more than 6 times the elastic strain limit under the effect of the Loma Prieta earthquake. On the other hand, consideration of the Fig. 27 Pounding force at the first and second stories for Case (4) with 3 cm gap distance soil flexibility increased the peak strains in some cases and decreased them in other cases without specific trend. Figure 31 shows the strain time history of the equivalent strut of the right building under the effect of the Northridge earthquake. When the flexibility of the soil is ignored, the strain in the brick exceeded the elastic limit by 1.30 times and plastic strain was observed. On the other hand, incorporation of the soil flexibility in the analysis decreased the strain in the infill by 45.90% and no plastic strain was observed. It is worth mentioning that no plastic strain was observed in the brick under the effect of the other earthquakes. Table 8 shows the effect of considering soil flexibility for Case (4) with different gap distances. It can be observed that increasing or decreasing the gap distance results in an increase or reduction of the acceleration or displacement responses without a specific trend. The maximum reduction in the acceleration response reached 73.89% at the 2nd floor of the right building under the Northridge earthquake with 5 cm gap distance; whereas the maximum increase reached 296.57% at the 1st floor of the left building under the effect of Northridge earthquake with 1 cm gap distance. Moreover, the maximum reduction in Fig. 28 Peak accelerations for the pounding-involved Case (4) with 3 cm gap distance the displacement response reached 30.52% at the 2nd floor of the left building under the Northridge earthquake with 1 cm gap distance. The maximum increase in the displacement response reached 168.58% at the 3rd story of the right building with 3 cm gap distance under the Kobe earthquake.
Different seismic gap distances
The maximum pounding force reached 796 kN at the second floor with flexible base under the Loma Prieta earthquake and 1 cm gap distance. The maximum increase in the strain of the steel columns reached 69.19% for the right building under the Kobe earthquake with 3 cm gap distance and the maximum reduction reached 39.8% for the right building under the Northridge earthquake and 3 cm gap distance where the building essentially responded in the elastic stage. The strain in the infill of the right building was reduced by 45.9% under the Northridge earthquake with 3 cm gap distance and increased by 27.3% under the Kobe earthquake for 3 cm gap distance. Generally speaking, increasing or decreasing the gap distance may lead to an increase or decrease in the response of the adjacent buildings without any specific trend. Fig. 29 Peak displacements for the pounding-involved Case (4) with 3 cm gap distance 1 3
Conclusions
The contribution of the soil flexibility and the influence of masonry infill, on the seismic response of adjacent colliding steel frame buildings have been studied. Nonlinear finite element analyses for two adjacent multi-story structures with four different configurations have been performed. The results of the study reveal that:
1. For the bare frames cases, considering SSI slightly increased the natural periods of buildings. As a result, it caused minor increase in the peak displacement (by about 15%) associated with minor reduction in the peak acceleration, as compared to the rigid base case. This effect complies with NEHRP (2012) recommendations where the structureto-soil stiffness ratio of the bare frame is h/(V s T) = 0.063 which is less than 0.1 meaning 
Fig. 30
Strain time history of the steel frame columns for Case (4) with 3 cm gap distance that no significant lengthening of the natural period will occur and, consequently, no significant difference in the seismic behavior will take place. It should be emphasized, however, that this criteria is valid only for the independent vibrations of buildings and the contribution of pounding changes this rule. 2. The comparison between pounding-involved and independent vibrations of bare frame buildings considering the SSI clearly indicated that pounding significantly affects the response of both structures. It increased the peak acceleration of the colliding buildings by ratios in the range of 11-27 times, as compared to the no pounding case. 3. Comparing the pounding-involved responses for rigid and flexible base bare frames (Case 1) reveals that considering SSI reduces the inelastic response of buildings. Moreover, it has a considerable effect leading to the decrease in the ductility demand for most cases. For instance, under the effect of the Northridge earthquake, local failure of the steel column of the 2nd floor of the left building at point located directly under the impacted surface was observed for the rigid base case. The strain in this point significantly exceeded the ultimate strain. On the other hand, considering the soil flexibility decreased the strain significantly. Moreover, considering the soil flexibility has a considerable effect on the pounding force by increasing or decreasing it with no specific trend. 4. For the fully infilled frames, the contribution of the soil flexibility significantly increased the natural periods, as compared to the rigid base case. This greatly altered the seismic response of the independent vibrations of buildings depending on the location of the shifted period on the response spectrum curve for each specific earthquake. 5. For the fully infilled frames with rigid base, no collisions between buildings were observed and the structures vibrated independently during different earthquakes. This is attributed to the limited displacement values due to the existence of infill. On the other hand, taking SSI into consideration increases the overall flexibility of both buildings. It shifts the natural period and hence increases the displacements. If the increased displacements result in collisions, significant increase in the acceleration values at the locations of collisions takes place.
Wo/SSI SSI st Fig. 31 Strain time history of the equivalent strut for the right building for Case (4) under the Northridge earthquake with 3 cm gap distance 1 3 6. The results obtained for the studied cases generally emphasize that ignoring the contribution of the soil flexibility and the effect of the infill panels may significantly alter the behavior of adjacent structures. This may result in a wrong expectation of the seismic response of buildings under earthquake excitation.
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